Abstract-Mosquito-borne diseases are of tremendous public health concern. To study and enhance the understanding of these infectious diseases, we present a reaction-diffusion generic model for mosquito-borne diseases. It is significant that a model can be generalized for mosquito-borne diseases. One of the objectives of mathematical models is to identify factors which contribute to the spread of diseases. The traveling wave front is examined and the minimum spread speed is acquired numerically. We analyze the impact of human random movement and spatial heterogeneity on the dissemination of disease through numerical simulations. It is shown that the increment of human diffusion decreases the basic reproduction number. However, spatial heterogeneity in transmission of disease contributes to the upsurge of infection.
I. INTRODUCTION
Mosquitoes spread pathogen and parasites from one human to another human or animal through their bites. The common mosquito-borne diseases are dengue, yellow fever, chikugunya, encephalitides and malaria. According to the World Health Organization (WHO), 1.4 billion of the South-East Asia region's population is at risk of contracting malaria [1] . It is also reported that there were 2.4 billion dengue cases from 2000 to 2011 [2] .
Mathematical models are advantageous to predict future outcome of diseases and to investigate and determine the ideal control measure. Simple deterministic models make assumption that the environment is homogeneous. On the contrary, populations are distributed in space and individuals are mobile. Space can bring about changes in the dynamics of populations. Gause's experiments with paramecium and didnium indicated that space makes an impact as one or both species eventually extinct when they both can coexist in nature [14] . Diffusion models take into account the movements of individuals based on random walk. One way of studying the effects of space is through reaction-diffusion models. In 1951, Skellam developed a reaction-diffusion model of invasion biology [3] . He established the relationship between random walks as movement of individual members of biological species and the diffusion equation as a description of dispersal of the population as a whole [15] . A reaction-diffusion system for chemical basis of morphogenesis was constructed by Turing [4] and he discovered diffusion-driven instabilities. The spread of rabies among foxes were modeled and the progress of rabies if introduced near Southampton was carried out by Murray et al. [5] . The model suggests that vaccination is a much beneficial control strategy compare to culling. Eventually, Takahashi et al. took into account diffusion and advection of Aedes aegypti and studied the existence of travelling wave in different situations and the minimum spread speed which corresponds to biological invasion [6] . Lewis et al. modeled the spatial spread of West Nile Virus based on a model by Wonham et al. [7] . They have found that the spread rate is an increasing function of the bird diffusion. A periodic Ross-Macdonald model which incorporates diffusion and advection was developed and analyzed. It was found that the spreading speed depends on certain parameters of the model thus control strategies can be determined [8] .
In this paper, a generic reaction-diffusion model for mosquito-borne diseases is introduced. After which, the traveling wave solution which connects the disease-free equilibrium and endemic equilibrium is scrutinized. The minimum spread speed is suggested through numerical results. Furthermore, the effect of human mobility and spatial heterogeneity on the transmission of the disease is analyzed numerically. Finally, the conclusion and future work of this research are presented.
II. FORMULATION OF MODEL
As we want to develop a mathematical model which accommodates multiple mosquito-borne diseases, a study was carried out on mathematical models for vector-borne diseases and similarities were distinguished as mentioned in [16] . First of all, the compartments used were compared and it was found that the common compartments are Susceptible and Infectious for both human and mosquito population. Hence, the generic mosquito-borne diseases model [9] consists of SusceptibleInfectious (SI) compartments for both host and vector. Immunity and superinfection are not taken into account here as we want the model to apply to most mosquito-borne diseases and we are focusing on the main commonality of these diseases which is the way it is transmitted. Similar parameters and terms were identified too for both ordinary and partial differential equations model for vector-borne diseases [16] . Here we assume that individuals' spatial dispersal can be described as random walks, meaning at large spatial scale, the group of dispersing humans and mosquitoes behave comparatively to a group of particles diffusing in Brownian motion [15] 
where c is the probability of transmission per bite from an infectious mosquito to a
gives the mean rate of bites
is the probability an infectious mosquito bites a human. Moreover, a susceptible mosquito contracts the disease when it takes a blood meal from an infectious human. The rate that susceptible mosquito gets All parameters are assumed to be non-negative.
Basic Reproduction Number, 0
R is the expected number of secondary cases produced in a completely susceptible population, by a typical infective individual. In this case, it is the number of human or mosquito infectious cases which occurs from one infectious mosquito or human given that all other individuals are susceptible. In research, 0 R is essential as it enables us to have an idea of whether the disease will die out or otherwise. An epidemic will arise if more than one secondary infection is produced from one typical case. The model (1-4) has a spatially homogeneous disease-free
where
Adopting the argument by Wang and Zhao [9] , an explicit Basic Reproduction Number is obtained: ; and the effect of diffusion, traveling wave solution is explored. As we would like to investigate the spatial spread of the disease, the existence of the traveling wave solution will be analyzed numerically and the minimum spread speed determined. A minimum spread speed tells us the lowest rate a disease disseminate geographically. In ecology, the spread speed is similar to invasion speed [17] . Invasion speed depicts the geographic range at which the population expands. According to the definition of traveling wave in [7] , a traveling wave solution is the solution which connects the disease-free ) , , , ( 
hence the equations (1-4) gives the following ordinary differential equations (ODEs): (9) ). ( 
Adopting the method discussed in [13] endemic equilibrium as the definition of travelling wave is that it connects these two equilibriums. From the simulations in Figures 1 and 2 , the existence of positive result for equations (6) (7) (8) (9) shows that the traveling wave front exists and the minimum wave speed is 0.005km/day. This means that the disease invades geographically at the shortest distance of 0.005km in a day for this set of parameter values. Any numerical result with 005 . 0 < ς will give a negative solution. 
IV. NUMERICAL SIMULATIONS
We would like to investigate the effect of human diffusion coefficient and spatial heterogeneity on the disease risk. Basic reproduction number 0 R is essential in the study of disease spread as it has a threshold value where the disease-free steady state is asymptotically stable if 1 0 < R and unstable if 1 0 > R [11] . This means that when 1 0 > R a disease will invade a population or else the disease will die out [12] . Therefore, we would like to find out whether the increment of human diffusion, H D and spatial heterogeneity p will contribute to the prevalence of the disease in the population. To study the sensitivity of 0 R numerically, parameters used are mainly We would like to observe the effect of spatial heterogeneity using parameter values from [10] except for mosquito recruitment rate which is not available. It is found that when we set 006 . 0 = Λ and we vary the transmission probability according to the simpler form of sinusoidal wave [12] However, the disease prevails and 1 0 > R for the given Λ .The result is not shown here as we are more interested in the shift from 1 0 > R to 1 0 < R because that indicates where the disease will eventually extinct from the population. . As 1 0 < R indicates that the disease-free equilibrium is stable, this means that the disease dies out as H D increases after 0.021. Hence, given the set of parameter values, the disease dies out with the increment of diffusion of humans. This agrees with [10] that random mobility of humans can reduce infection.
In addition, to inspect the influence of spatial heterogeneity, transmission probability as mentioned , are applied and it is clear in Figure 5 that the disease does not exist as 88 . 0 68 . 0 0 < < R meaning that 1 0 < R for all values of p. Hence when recruitment of mosquitoes is reduced to a certain value, the disease will cease to exist. This shows that if mosquito breeding area can be reduced to a certain level, the disease can be eradicated. 
V. CONCLUSION AND FUTURE WORK
In this paper, a generic reaction-diffusion model for mosquito-borne diseases is discussed. It is shown in numerical results that the traveling wave front exists and the minimum spread speed for the set of parameter values is found to be 0.005 km/day. Simulation shows that increment of human diffusion decreases the basic reproduction number hence the number of secondary cases from an infectious individual dwindles. Thus, the result entails that random movement of human causes the infection risk to reduce. This is likely because when an individual moves randomly, the contact between a susceptible and infectious individual is reduced thus the reduction in the risk. However, spatially heterogeneous transmission of disease contributes to the hike in the basic reproduction number thus increasing the risk of infection.
In the future, validation of the generic model will be carried out by comparing model predictions with actual data to determine the reliability of the model. Optimal control strategies can be decided upon by exploring the impact of different measures. Effect of vaccination on the spread of mosquito-borne diseases can be examined by introducing the strategy into the model.
